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NATIONAL ADVIBOEY COMMITTEE FOR AERONAUTICS 


TECHNICAL NOTE 2566 

A STUDY OF ELASTIC AND PLASTIC STRESS CONCENTRATION 
FACTORS DOE TO NOTCHES AND FILIETS IN FLAT PLATES. 
By Herbert F. Hardrath and Lachlan Ohman 


SUMMARY 


Six large 2^-T3 alumlnum-alloy-Bheet specimens containing various 
notches or fillets vere tested In tension to determine their stress 
concentration factors In both the elastic and. plastic ranges. 

The elastic stress concentration factors were found to be slightly 
higher than those calculated by Neuher's method and those obtained 
photOQlastlcally by Frocht. The results showed further that the stress 
concentration factor decreases as strains at the discontinuity enter 
the plastic range. 

A generalization of Stowell's relation for the plastic stress 
concentration factor at a circular hole In an Infinite plate was applied 
to the specimen shapes tested and gave good agreement with test results. 


INTRODUCTION 


Theoretical studies of stress concentrations around discontinuities 
In flat plates have been limited because of analytical difficulties to 
certain geometric shapes (references 1 to 6) and^ until recently, to 
the realm of stresses In the elastic range. Experimental studies on 
the subject are scarce, such Investigations being limited by avGd.lable 
loading and strain measuring equipment (references 7 to 11} . The present 
Investigation was undertaken to obtain experimentally stress concentration 
data In both the elastic and plastic ranges for sheet specimens containing 
a variety of notches and fillets. 

A formula has been presented by Stowell (reference 12) for the 
stress concentration factor In the plastic range for a circular hole In 
an Infinite plate. When the formula Is written in a generalized form It 
appears to be applicable to the specimen shapes of this investigation 
and to other configurations. 
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EXPERIMENTAL PROCEDURE 


Since the maxlinum stress in a panel containing a stress concentration 
occurs at a point and the stress distribution around the point follows 
a gradient j it is essentleil for reliable measurements that the ratio 
of notch dimensions to gage length of the stred.n gages be as large as 
possible. Therefore, in order, to obtain a high ratio and to be able 
to use strain gages of- practical dimensions, the specimens were made 
I 48 by Iks inches. — _ . 


The specimens consisted of six 2^-T3 aluminum-alloy panels ^ inch 

o 


thick. Three panels, designated herein by N, contained notches; three, 
designated by F, contained fillets. In each group of three there was 
a panel designed to have a nominal stress concentration factor of 2 , 
one of 4, and one of 6 ; hence the specimens are designated N2, n4, n 6 
and F2. f 4, and f 6 . (Specimen dlxaenslons are shown in detail in figs. 1 
and 2 .) 


The panels w^e cut from, sheets 5^. inches wide. Excess material 
from the region near the notches or fillets was used to make standard 
tensile coupons, four for each panel. Standard tensile tests run on 
these coupons yielded stress-strain curves. Each of the stress-strain 
curves as presented in figure 3 is an average of the four curves obtained 
from the four coupons for each panel. 


Four types of strain gages were used in the investigation. On 
panels N2 and F2 Tuckerman optical strain g^es with a i-lnch gage 

length were mounted on the face at the edge of the panel at the critical 
points which are defined as the points on each panel where the ^tlRY ^n 11 ln 1 
stress concentrations occur. In a notched specimen the maximum stress 
occurs at the center of the base of the notch. Photoelastic studies 
of filleted specimens (reference 6 ) indicate that the TnavimiTn stress 
occvtrs at a point about 10 ° around the fillet from the tangent between 
the fillet and the straight side of the reduced part of the panel. 

Strains at the critical points of panels n4, n 6 , f 4, and f 6 were measured 

with. ^ - inchrgage-length electromagnetic extensometers mounted on the 
edges of the pa.nels at the critical points. (See figs. 1 and 2.) 

Baldwin SR-4 type A-5 strain gages were applied at Intervals across 
the width of each panel at the net section to determine the strain 
distribution at that section (figs. 1 and 2). In a notched panel the 
net section is defined as the cross section through the panel between 
the two critical points (fig. 1). In a filleted panel the net section 
is defined as the section across the panel containing the points where! 



NACA TN 2566.. 


3 


the fillets emd. the stral^t sides of the reduced part of the panel are 
tangent (fig. 2). Baldwin SE-il- type A-1 strain gages were applied at 
other cross sections (figs. 1 and 2) to ascertain the uniformity of load 
application. 

Load and strain readings were taken througd^out ^ch test at 
successive Increments from zero load to a load which produced approxi- 
mately 2 percent strain at the critical point. 


RESULTS AHD DISCUSSION 
Elastic Stress Concentration Eactors 


The stress concentration factor Is defined In this paper as the 
ratio of the stress at the critical point 0 ^^ to the average net 


section stress The elastic stress concentration factor Kgiaatlc 

Is con?)uted from measurements taken before plastic yielding occurred in 
the specimen. The value of K^2astlc obtained for each specimen 

Is presented In the second column of the table which follows; 


Panel 

^elastic 
( Experl mental ) 

^elastic 

(Calculated by 
Neuber’ s Method) 

^elastic 
(Determined 
photoelastically by 
Frocht) 

N2 

2.08 

2.00 

2.02 

N4 

k .26 

4.00 

4.02 

N6 

6.41 

6.00 

6.00 

F2 

1.88 

• • • • 

ft • • • 

Fk 

3.8? 

• • • • 

3.49 

f6 

5.44 

« • • • 

5.00 


The third column of the table lists the elastic stress concentration 
faqtors for the notched specimens as calculated by an analytical method 
presented by Neuber (reference l) vixo, for reasons of mathematical 
convenience, treated notches wllh a hyperbolic contour. The cong>uted . 
value of the stress concentration factor In each case is based on a 
hyperbolic notch that has Its depth and minimum radius of curvature 
equal to the depth and radius of the corresponding experimental notch. 

The experimental notch contour rather than being hyperbolic, howe'O’er, 

Is cosposed of a semicircular base with straight, parallel tangents, a 
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shape "Which is spme"what sharpei* "than "the corresponding h^erbolic notch. 

The e3tperlmen"tal stress concentration factors, therefore, would he ' 
e:q>ected tp he sonie"Hhat higher "them "those cpn^nited hy Neuher's me"thod. 

A coaaparieon of "values ^own in the preceding "fcahle indicates "the 
difference to he from 4 to 7 pei^ent. 

A photoelastic Investigation of. elastic stress concentration factors 
for. shapes geometrically similar to "those used in this investigation 
was performed hy Frocht under the eponsprship of "the National Advisory 
Committee, for Aeronautics (reference 10). The results of "this investi- 
gation are given in "the fourth column of "the preceding "table. The 
results of "the present Investigation -were found to he 4 to 7 percent 
higher for "the notched specimens and 3 to IQ percent higher for the 
filleted spedmehs' than "the factors bh"talned photoelastlcally hy Frocht'. " 
Al"though Frocht *s "values are nearly equal tp those determined hy Neuhef^s ' 
method, Frocht s"tates "that his "values can he in error hy as much as 
10 percent for high stress concentra"tlon factors because of difficulties 
in determining the maximum fringe value near the boundary of sharp notches.. 

A con5>arlson of elastic stress concentration' factors determined 
hy "the "three methods is given in figures 4 and 5. -t- -. .. 


Plastic Stress Concentration Factors and a Suggested Formula 

Figures 6 and 7 show the eaq)erimentally’ determined -stress concen- 
tration factors plotted against average net-aection stress. The stress 
concentration factors start to decrease as "the load on a panel exceeds 
a value sufficient... to cause plastic yielding at "the critical point. 

Stowell (reference 12) presented a relation to he used in calculating 
"the stress concentration factor in "the plastic range for a circular hole 
in an infinite plate subjected to tension. This relation states that 
at any one lns"tant in "the loading ■ “ 


®oo ®oo 


( 1 ) 


where 

Pgp stress occurring at the point of maximufli stress 

(Too average stress at points far remo"ved from hole 

Eg se,oant modulus of material at point of nwyiTunm stress 

Ej, secant modulus of material at points fhr removed from hole 
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For the case -when all stresses are elastic^ the formula yields the value 
of 3> which Is the theoretical elastic stress concentration factor for 
a circular hole In an Infinite plate (reference 6) . Predictions hy 
formula (l) agreed well (reference 12) .with the results of an eacperl- 
mental Investigation reported hy Griffith (reference 8) concerning the 
stress concentration factor for a circular hole In a flat sheet subjected 
to tension. 

By rewriting formula (l) In a generalized form a relation between — 
^elastic Elastic ^ obtained: 

plastic = 1 + ^^lastlc “ ^ (2) 

Trtiere Is the stress concentration factor In the plastic range.. 

This form suggests that the formula might also be made applicable to 
shapes other than round holes by Inserting a value for Kg^astlc 

correspond to the pa 2 rblcular shape being considered. The plastic stress 
concentration factor for each of the specimens test^ was computed 
formula (2) with the 'eacperlmental S^ven in the preceding 

table, and the curves In figures 6 and J show that the generalized . 
formula produced excellent agreement with the test results. A congjarlson . 
between predictions by formula (2) and experimental results obtained 
by Box (reference 9 ) other configurations Is given In the appendix. 


Strain and Stress Distributions 

Strains measured by strain gages at four symmetrical locations on 
the net section of a panel were averaged to obtain the. strain at a single 
station. These values are plotted for each of the six panels as the 
longitudinal strain distribution across half of the net , section (parts "a”, 
figs. 8 to 13 ). 

The apparent stresses corresponding to strains at individual 
stations were obtained by using the stress-strain curves for the material 
(fig. 3) and are plotted for each panel as the longitudinal stress 
distribution across half the net section (parts ”b", figs. 8 to I 3 ). 

The apparent stresses so determined are not the true stresses at any 
statlcms other than those at the edges because stress conditions In the 
sheet are not uniaxial. ' The . Illustrated trends of the apparent stress 
distributions, however, are representative of the actual stress 
distributions . 
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CONCLUDING HEiMAEKS 


The elastic stress concentration factors were determined experi- 
mentsilly for six different specimens and were found to he 4 to 7 percent 
higher for the notched specimens and 3 to 10 percent higher for the 
filleted specimens than the factors obtained photoelastlcally by Frocht 
for shapes geometylcsilly similar to those tested. The experimentally 
determined factors are 4 to 7 percent higher than. those predicted for 
hyperbolic notches by Neuber's analytical method. 

The stress concentration factors decreased as the strains at the 
critical points entered the plastic range and.\rere found to agree well 
with calculated results obtained from the following equation which Is a 
generalization of a relation originally presented by Stowell for the 
plastic stress concentration factor at a clrcialar hole in an Infinite 
plate: 

Aplastic “ ^ .^^elastic " 

*00 

■where 

Kpiastic stress concentration factor In plastic range 

^elastic stress concentration factor in elastic range 

% secant modulus of material at point of tnaviTniiTn stress 

Eoo' secant modulus of material at points removed from hole 

The generalized equation also checks well with esqperlmental work 
by Box on stress concentration factors in the plastic range for several 
additional configurations. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., September 7, 1951 
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APPENnrx 

CCMPARISON OF SUGGESTED POBMULA WITH ADDITIQHAL DATA 


Additional experimental data on the effect of plasticity on the 
stress concentration factors for various configurations have been reported 
by Box (reference 9) • Six flat sheet specimens were tested In tension: 
one confined semicircular notches, one had two holes symmetrically 
spaced In one cross section, one had a single hole elongated In the 
transverse direction, and three had single holes at various positions 
across the width of the specimens. The specimens, made of 2^-T3 a1inn1 num 

alloy, were Inches wide, and the radius of aLL holes was l/2 Inch. 

The stress-strain curve for the material Is reproduced as figure l4. 

Comparisons of these data and predictions by formula (2) are 
presented In figures 15 to 20. Since the strain measuring technique 
employed by Box gave Inaccurate results for small strains, but Improved 
In accuracy for higher strains, the ceilculatlons were based on an experi- 
mental value of Kelastlc o^'talned i»ar the hlg^ end of the elastic 

range. The resulting predictions of K^iastlc formula (2) agree 
well with the experimental results obtained by Box. 
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P Tuckerman gaga or 
electromagnetic gage 

D SR-4 type A-1 gage 

I SR-4 type A-5 gage 

Note: Same gaging *on 
opposite side 


Panel 

R, In. 

NS 

6.750 

N4 

1.187 

N6 

.484 




Figure 1.- Dlmenelons and instrumentation of notclied sp^lmens. 
(All dimensions are In Inches.) 
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I'lgiire Elastic stress concentration factors for filleted specimens 








HA.CA IN 2566 


Stress 

concsntratlon 
factor, K 






N( 







7 

N4— ^ 













1 1 

Ok 0,0 Experiment 
Formula 
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10 20 30 

Average net-section stress, ksi 



Figure 6 .- Stress concentration factors for notched specimens 


concentration 
factor, K 


o, D,o Experiment 
Formula (2) 



20 30 

Average net-section stress, o^ ksi 


Figure 7 -- Stress concentration factors for filleted specimens 
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Stress, 



("b) Apparent stress distribution. 


Figure 8.- Strain dlatrltutlon and apparent etreee dletrlbutlon at the 
^ net section of specimen. N2. 
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Strain 



o-gv, ksl 


( a ) Strain dia t rltut ion . 



(t) Apparent b trees distribution. 


Figure 10 .- Strain distribution and apparent stress distribution at the 

net section of. specimen . 
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strain 



o-av, Iwl 



(b) Apparent stress distribution. 

Figure 11. - Strain distribution and apparent stress distribution at the 

net section of specimen F2. 
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Strain 



(a) Strain distribution. 



(b) Apparent stress distribution. 

Figure 13.- Strain distribution and apparent stress distribution at tbe 

net section of specimen f6. 
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Stress 

concentration 
foctor, K 






Figure 15*- Stress concentration factor for a flat plate with semi- 
circular edge notches. 


Stress 

concentration 
factor, K 



Ararage net-section stress, o*ay, ksl 


Figure l£.- Stress concentration factor for a flat plate with a single 
central hole elongated In the transverse direction. 
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Stress 

concentration 
factor, K 



Aweroge net-section stress, o^, ksi 


Figure I?.- Stress concentration factor for a flat plate with two 
circular holes egueLlly spaced In one cross section. 





Stress 

concentration 
foctor, K 



Average net-section stress, o^gy, ksi 


Figure iB.- Stress concentration factor for a flat plate with a circular 

hole located ^ from the edge. 
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Stress 

concentration 
factor, K 



Figure 19 .- Stress concentration factor for a flat plate with a circular 

3 

hole located fixnn the edge. 


Stress 
concentration 
factor, K 



Figure 20.- Stress concentration factor for a flat plate with a single, 

central, circular hole. 
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